To better understand the evolution of spatial and color vision, the number and spatial distributions of cones, rods and optic nerve axon numbers were assessed in seven New World primates (Cebus apella, Saimiri ustius, Saguinus midas niger, Alouatta caraya, Aotus azarae, Calllithrix jacchus and Callicebus moloch). The spatial distribution and number of rods and cones was determined from counts of retinal whole mounts. Optic axon number was determined from optic nerve sections by electron microscopy. These data were amassed with existing data on retinal cell number and distribution in Old World primates, and the scaling of relative densities and numbers with respect to retinal area, eye and brain sizes and foveal specializations were evaluated. Regular scaling of all cell types was observed, with the exceptionally large, rod-enriched retina of the nocturnal owl monkey Aotus azarae and the unusually high cone density of the fovea of the trichromatic howler monkey Alouatta caraya present interesting variations on this basic plan. Over all species, the lawful scaling of rods, cones and retinal ganglion cell number is hypothesized to result from a conserved sequence of cell generation that defends retinal acuity and sensitivity over a large range of eye sizes.
The anthropoid neural retina has the fundamental conformation, and organization of photoreceptors and neurons characteristic of all vertebrates, but features the integrally related specializations of high acuity, trichromacy and ocular motility associated with adaptation to diurnality, in the context of its original nocturnal roots (Ross, 2000; Heesy and Ross, 2001) . These features of anthropoid optics, the fovea, great ocular motility, and trichromacy, have been the subject of intense study in humans and the typical experimental animal for this work, the rhesus macaque. To understand the overall parameters of retinal organization from which the anthropoid eye derives, however, a much broader comparative base is necessary. For this, the multiple species of New World primates offer excellent contrasts in retinal organization.
Old World Anthropoidea (which comprise anthropoid apes, humans and monkeys), and New World Anthropoidea (the New World monkeys) are thought to have been derived from a common diurnal ancestor, with a founder population of New World monkeys who somehow rafted from Africa to South America 40 million years ago (Fleagle, 1988) . New World monkeys (Infraorder Platyrrhini) have undergone a wide and successful speciation, invading all levels of forest canopy and multiple dietary niches. All are diurnal, except the owl monkey (Aotus sp.), which has re-invaded the nocturnal niche. A wide range of eye and body sizes, at least 6 variations of mono-, diand trichromacy, and variations in foveal organization exist, as well as the nocturnalized retina (Jacobs et al., 1996; Jacobs, 1998; Kainz et al., 1998; Heesy & Ross, 2001 ). In the present study, we have attempted to look at a wide range of variability (subject, of course, to species availability) while including those New World monkeys that have already been F o r P e e r R e v i e w 4 the subject of experimental study to maximize integration with existing data. These monkeys include representatives of the three major Families (Schneider et al., 1996; Nagamachi et al., 1999; Schneider, 2000) one from the Atelidae, the howler monkey, Alouatta caraya, which is a large folivore and the only known "obligatory" trichromat genus of the platyrrhines; one from the Pitheciinae, the titi monkey Callicebus moloch, a small omnivore which has a polymorphic color vision comprising a population of di-and trichromatic individuals with five different alleles for the M/L photopigments; and four from the family Cebidae. From the last family, there are two from the subfamily Cebinae, Cebus apella, the often-studied large-brained capuchin monkey, and the smaller squirrel monkey, Saimiri ustius; and two from the subfamily Callitrichinae, the tamarin monkey, Saguinus midas niger and the marmoset Callithrix jacchus. These four diurnal Cebidae also have polymorphic color vision comprising populations of di-and trichromats with three different alleles for the M/L photopigments. Finally, from Aotinae, we studied the owl monkey Aotus azarae. With the exception of Aotus, the nocturnal monochromat, all of the latter have foveas for high-acuity diurnal vision, and the variation of trichromacy in which a large fraction of the females are trichromats, and the males dichromats (Jacobs, 1998) .
After describing the retinal organization of these species, and comparing them to Old World primates, anthropoid apes and humans, we will frame the evolution of species-typical eyes and retinas in terms of the minimal alterations of a common developmental program (Gerhart & Kirschner, 1997; Finlay et al., 2005) . Preliminary reports of these studies have been made (Snow et al., 1997; Silveira et al. 2001; Silveira et al., 2004 Franco et al., 2007) . 
Materials and Methods

Animals
All animals were provided by the Centro Nacional de Primatas (CENP, Ananindeua, Pará, Brazil), a breeding and cachement facility for northern Brazil, and were collected over a 10 year period as part of a larger study. We analyzed retinas and optic nerves from three Cebus apella, four Saimiri ustius, three Saguinus midas niger, three Aotus azarae, four Alouatta caraya, two Callithrix jacchus jacchus and one Callicebus moloch. Note that in the initial investigations of Aotus (i.e. Silveira et al., 1993) the species under study has been reclassed as Aotus azarae and not Aotus trivirgatus; it is the same animal with a different species name. Details of sex, weight and tissue sampled for all animals can be found in Table 1 . All animal care and procedures were approved by local animal care and use committees, as well as Cornell University IACUC in accord with NIH Guidelines regarding the care and use of animals for experimental procedures; no animals were classified as endangered at the time of collection.
Preparation of retinas, brains, and optic nerves
Animals were lightly anesthetized with intramuscular injection of a mixture 4:1 of 2% xylazine hydrochloride (Rompum, Bayer, Porto Alegre, Brazil) and 5% ketamine hydrochloride (Ketalar, Parke-Davis, São Paulo, Brazil) and dark adapted for one half hour. They were deeply anesthetized with the same mixture, and perfused by phosphate buffered saline solution (PBS). The cornea and vitreous were removed and the eye was postfixed for 10-15 minutes in formol saline and dissected rapidly away from the choroid.
The retina was postfixed for two hours in 10% formol saline. The retina was flat-mounted water and the coverslip sealed with nail polish (Curcio et al., 1987) .
Cones and rods were counted along the horizontal, vertical and two oblique meridians using a binocular microscope under x 100 oil immersion objective. In the central region, sampled regions were located at 0, 0.05, 0.1, 0.25, 0.5 and 0.75 mm from the center of the fovea. From 1 mm towards the periphery, counts were made every 1 mm. For cone counts, the sampled areas were: 256 µm 2 between 0 and 0.1 mm; 1024 µm 2 between 0.25 and 1 mm; and 6400 µm 2 from distances 2 mm of the fovea. For rod counts, a single sampling area of 1024 µm 2 was used for all locations. Isodensity contours were constructed and the number of cones and rods along the retina estimated from integration of the density values.
Following perfusion and eye dissection, brains were removed from their skulls and weighed, including olfactory bulbs, and the medulla to the level of the pyramidal decussation. Because our ultimate interest is to describe retinal development with respect to whole brain development, comparison of retinal cell numbers to brain weight allows us to compare these results to developmental and allometric studies of the brain (Stephan et al., 1981; Finlay et al., 2005) .
For electron microscopy, optic nerve sections were removed from just behind the orbit at the time of eye dissection and stored in 2% glutaraldehyde. Samples were fixed in 2% paraformaldehyde/3% gluteraldehyde in a 0.1M sodium cacodylate buffer, pH 7.4 for one hour, reacted with 2% osmium tetroxide, and embedded in Spurr's resin.
Sections were cut on a Reichert OMU2 Ultramicrotome; thick sections were used to (Table 1) , only one optic nerve was sampled per animal. Table 1 lists the results of individual animals, detailing those instances where both the right and left retina and optic nerve were assessed; for those few instances where brain weights were not available, the average of the other recorded animals of the same species was used for subsequent analyses. Table 2 sums the results to a single value for rod, cone or optic nerve number for each species for this study, and also adds results from other comparable studies, including Old World primates, with their sources indicated. The simple average of multiple studies was taken, when available, to produce the listed total rod, cone or optic nerve numbers. Simple regressions were the only descriptive statistics used. 
Overall quantification
Results
Appearance of the photoreceptor mosaic
Cones and rods were readily distinguished in flat mounted retinas cleared with dimethylsulfoxide. The morphology and size of outer and inner segment, especially when observed step by step from the periphery towards the foveola allowed these two classes of photoreceptors to be distinguished and counted. This criterion was used to differentiate the two cellular types in all the analyzed eccentricities, but required a minute inspection in the central region from the fovea to 2mm of eccentricity. Figure 1 illustrates the cone mosaic at the same retinal eccentricity for different primates.
Cone density in diurnal and nocturnal species
The peak of cone density for five diurnal species was located in the foveola (Figures 2,3 ).
The mean values (in cones / mm 2 ± s.d.) were: 394,532 ± 49,719 for Alouatta (n = 2), which is more than twice the peak cone density reported in any other New or Old World monkey (Franco et al., 2000) . Peak cone density was 164,062 ± 13,811 for Cebus (n = 5); 138,021 ± 8,132 for Saimiri (n = 3); 150,391 ± 2,762 for Saguinus (n = 2); and 132,813 ± 27,622 for Callithrix (n = 2). Andrade da Costa and Hokoç (2000) find a similar peak density for Cebus, 173,909 ± 74,000, and Troilo et al. (1993) find a rather lower peak density for Callithrix of 190,600 ± 15,600 (N=6) as do Wilder et al (1996) , 211,000 cones/mm 2 . Sources of variable peak cone density are discussed at ore length in a prior paper (Franco et al., 2000) The cone density decreased in the first millimeter of foveola. The average of density of cones in the medium and peripheral region of the retina was 8,760 ± 0,843 for In the retina of the Aotus, the peak of cone density was found in the central retina with average values of 17,090 ± 6,215 cones / mm 2 (Figure 2) . These values had diminished to 8,463 ± 2,458, 7,812 ± 1,692, 7,161 ± 1,128, and 6,185 ± 1,492 at 1 mm of eccentricity in the temporal, nasal, ventral and dorsal regions, respectively. The cone density in the medium and peripheral region of the retina of Aotus was of 4,466 ± 0,351 to 3,618 ± 0,562 in the nasal and dorsal region (Figure 2A and C) . The values found in the present study are higher than those reported by Ogden (1975) and .
Rod density in diurnal and nocturnal species
Diurnal primates have a rod-free region in the center of the fovea. For three of our four diurnal primates, rods were first observed approximately 250 µm from the center of the fovea. In Alouatta, however, distinct rods could be observed at only 100 µm of eccentricity, the same animal in which the cone density was twice the others'. The Aotus retina does not possess a rod-free region. In diurnal species, the greatest density of rods was eccentric to the fovea, approaching the papilla of the optic nerve of each species.
The greatest density of rods was observed in the dorsal region in the majority of the species studied. The rod peak density was (in rods / mm 2 ± s.d.) 209,228 ± 51,576 for F o r P e e r R e v i e w asymmetry, with greater values in the nasal region than the temporal region ( Figure 2B and D). In Aotus, the rods were packed densely and rod density varied from 388,020 ± 103,535 in the central region of the retina to 399,413 ± 11,881 at 2 mm of eccentricity in the temporal region (Table 2) . Figures 3 and 4 show representative maps of isodensity lines for cones and rods for one whole retina of each diurnal species. In the maps for cones we can see that the contours have a horizontally elongated conformation, a visual streak. The same has been observed in the Cebus retina (Andrade da Costa and Hokoç, 2000) , Macaca nemestrina retina (Parker et al., 1989) , and human retina (Curcio et al., 1990) .
Estimate of the total number of cones and rods
Cone and rod totals were estimated by integrating the density values along the retina (as in Figures 3 and 4) . Individual animal values are listed in Table 1 , and graphed, indexed against each species' brain weight, in Figure 5 , A and B; and species' means, including additional Old World primate data in Figure 6 . We observed somewhat more total cones in Cebus than counted by Andrade da Costa and Hokoç (2000), 4.5 versus 3.8 million, though rod numbers were identical, and also more total cones in Callithrix, 3.7 versus 2.8 million (Troilo et al. , 1993) . Note the slight diminution of cones in Aotus compared to its large excess of rods. For diurnal primates, there is no apparent relationship of cone number to brain size, while rods track brain size reasonably closely.
Estimate of retinal ganglion cell numbers from optic nerve electron microscopy. (Rakic, 1983; Reese & Ho, 1988; Jonas et al., 1992; Naito, 1996; Cull et al., 2003) . Axons were of variable size, and the very large majority myelinated, with no striking associations with retinal area, brain or body size, or with nocturnality (Cebus, 93.4%; Saguinus, 94%; Alouatta, 93.5%, Aotus, 94.2%). Excluding Aotus, optic nerve axon numbers scaled regularly with brain size, but at a markedly flatter slope than rods (Table 1, Figure 5 ). Aotus optic axon and cone numbers are both slightly lower than the number expected from a diurnal monkey of the same brain size.
Overall allometric scaling
In Table 2 and Figure 6 , the grand mean for each New World Monkey species is plotted, and values for Macaca mulatta, Cercopithecus aethiops, Papio anubis and Homo sapiens are added, from the published literature; unlike Figure 5 , which is a semilog plot to best illustrate individual variability, Figure 6 is a log-log plot. These additional species have the same pattern seen in the New World monkeys, with the notable exception of the human retina. There is little relationship of cone number to brain size (y = 0.0326x + 6.52; R 2 = 0.173), and Aotus maintains its noticeable, but not large, reduction in cone number compared to the diurnal retinas. Optic nerve axon numbers scale significantly with brain size, but noisily (y = 0.1313x + 5.79; R 2 = 0.494); Aotus is more markedly reduced in numbers of retinal ganglion cells than cones. Rod number rises steeply with brain size over a full order of magnitude (y = 0.3789 + 6.93; R 2 = 0.667), and the excess rod number in Aotus is particularly striking. For each of rods, cones, and retinal ganglion cells, the human retina appears to have fewer cells than would be expected for its corresponding brain size.
The fundamental regularity underlying these data can be seen in Figure 7 , where rod and cone numbers are plotted against retina area rather than brain size. The relationship of cone number to retinal area is virtually flat (y= .0005x + 6.535; R2 = 0.0045), while rod number scale significantly with retinal area (y = 0.0014x + 6.91; R 2 = 0.678). While Aotus (arrowed) continues to show an increment in rods and slight decrement in cones compared to the diurnal retinas, the human retina shows values of rod and cone numbers appropriate to its area. If retinal area is regressed against brain size omitting humans, and the expected value for a human retina calculated, a retina of about 1100 mm 2 would be predicted, about 20 % bigger that the 900mm 2 observed value.
Therefore, reduction of the size of the entire eye and retina in humans with respect to allometric prediction unites the observed decrement in the in human cones, rods, and retinal ganglion cell numbers. 
Discussion
Quantification of retinal cell numbers
For this study, we have gathered information in the traditional manner for determination of cell numbers and isodensity contours (Stone, 1981) . As both flat mounts of retinas for assessment of rods and cones, and a section of the optic nerve are two dimensional surfaces, the only essential stereological requirement is to sample so as to avoid doublecounting, which was done by using excluded borders on the sampling rectangle. A sampling frequency was chosen that had been demonstrated to bring variability within acceptable limits in prior studies. The good allometric predictability of our observations ( Figure 5 , 6 and 7) suggests that even with the limited sample sizes possible with primates, accurate assessments were made.
The overall pattern and its deviations
The diurnal primate retina shows a number of interesting regularities. First, the fovea remains the same absolute size in all primate retinas described to date. We have reported previously in these same animals that the size of the fovea, which can be measured in multiple ways including the inflection of the slope of maximum cone density, the region absent of overlying cell bodies, and from the rod-free area (except Alouatta), stays the same in absolute size, measuring about 0.5mm in diameter (Franco et al., 2000) . At the same time, the eye grows and the area of the retina expands by about a factor of 4, necessarily reducing the angular subtense of the fovea from the marmoset to the human (Table 2 ). If for whatever reason the cellular mechanisms that produce the fovea are constrained to produce one of about 0.5 mm diameter at all retinal sizes, this may account 1997) . In order to maintain acuity, the number of cones need not increase with eye size, as the eye is flooded with photons, and any cone situated in a unit of visual angle, regardless of its metric size, will be able to register the presence of photons. For rods to maintain sensitivity, however, in situations of low photon capture, as the eye enlarges, the number of rods should increase so as to tile the retina and not miss capturing photons altogether. The differing tiling requirement for acuity versus sensitivity is of course a vertebrate-general problem, first described in fish (Muller, 1952; Johns, 1979) . A particular developmental solution to the difficulty of maintaining rod sensitivity has been described in the cichlid fish Haplochromus burtoni, whose eye grows throughout life.
The eye enlarges by addition of photoreceptors and all associated neural retina just at the retina periphery, resulting in a ring of cells associated with a unique retinal age. The one exception is for rods, where small rod-specific progenitor pools are located throughout the retina, interpolating new rods into the existing matrix (Hoke & Fernald, 1997) .
Finally, in addition to the number of cells, the relationship of differential rod and cone neurogenesis to eye size produces characteristic differences in cell topography between small and large eyes. In the primate retina, as the eye becomes larger, cone gradients become steeper, including higher cone densities in the central retina, and lesser The principal deviations from the general retinal plan observed in these data are the following: the doubled rod density in the Alouatta retina, including a smaller rod-free zone, and diminished cone density peripherally. In Aotus, the owl monkey, cone and retinal ganglion cell numbers are reduced somewhat, a fovea is absent, and rod numbers are greatly increased; in addition, its retinal area is about 50% larger than would be predicted on the basis of comparable diurnal animals' brain sizes. In Homo, the numbers of retinal ganglion cells, rods, cones and retinal area are all smaller than expected. We will argue that the disproportionate scaling of rods and cones seen in eyes of graded sizes, and all the species-specific deviations noted, can be encompassed by relatively simple features and alterations of well-described developmental mechanisms that produce the retina.
Patterns of neurogenesis that may underlie rod and cone scaling
For explanatory convenience, primate retinal (and ocular) development can be conceived as the three processes of neurogenesis, foveal production and retinal stretch (reviewed in Finlay et al., 2005) . Neurogenesis sets up the basic matrix of cells in the retinal layers (Polley et al., 1989; LaVail et al., 1991) . Next comes compaction of cones in the fovea and displacement of overlying cell bodies (Parker et al., 1989; Hendrickson, 1994) .
Finally, concurrent in onset with foveal production but extending longer, the retina stretches in balloon fashion, which is most pronounced in the retinal periphery (for example, Robinson et al., 1989) . Here we consider primarily neurogenesis . In primates, as all mammals do, neurogenesis begins concurrently in the entire retina, first producing retinal ganglion cells and cones, then horizontal cells and amacrine cells, and finally rod bipolar cells, and rods (LaVail et al., 1991) . Neurogenesis ceases first in the central retina, before many (or any) rods are produced, and extends much longer in the peripheral retina, when the cellular mechanisms specifying rod and bipolar production remain in force (Cepko et al., 1996) . Extension of the period of neurogenesis, as is necessary to make a larger retina has likely direct consequences for the numbers and types of cells observed (Clancy et al., 1999) . The longer time allows the cellular mechanisms specifying the cone-dense central retina to be separated both in space and time from the rod-enriched peripheral retina, and along with retina stretch, produces the distinct gradients in the densities of various cell types seen in large retinas. Time compression conversely can account for the higher cone density in the periphery of the smaller retinas. Second, extension of the period of neurogenesis has disproportionate effects on late-and early-generated cells groups, which we have described in several other contexts (Finlay & Darlington, 1995; Finlay & Brodsky, 2006) . In animals with extended periods of neurogenesis, late-generated cells receive a disproportionate boost in the number of their precursor cell pools, as those cell groups increase exponentially. Thus, the mammalian retina sites rod neurogenesis late in retinogenesis, where it will naturally scale at a rate higher than cones should protracted development produce a larger eye, presumably allowing graceful scaling of function in individual variability, and in consequence, in species variability.
Work is in progress to determine how the alteration of rod and cone cell complements in Aotus occurs in development. It is clear, however, that a hypothesis of 
